Abstract--Rapidly increasing in the demand of electricity along with recently advances in Distributed Generation (DG) technologies have sparked a new interest in utilisation of DG sources. However, there are a number of technical issues regarding to the installation of DG, since DG connection significantly affects existing network configuration and operation, especially for system with high level of DG penetration. To achieve maximum voltage support from DG utilisation, methodologies related to DG placement and DG operation are developed in this paper. Technique to optimise voltage improvement by effectively injecting active and reactive power of DG is developed based on voltage sensitivity of lines. An index has been developed to obtain optimal or near optimal placement of DG for maximum voltage improvement in a distribution feeder. Simulation studies are conducted on 16-bus, 32-bus and 69-bus radial test systems to verify the developed techniques and results are reported.
I. INTRODUCTION
D ISTRIBUTED Generation (DG) system is defined as an electric power source of limited size (generally few kW to few MW) and connected directly to the distribution level at substation or distribution feeder; or at customer level [1] . DG may employ either renewable or non-renewable energy to produce electricity with minimum emissions. There are many DG technologies including photovoltaics, wind turbine, fuel cells, small and micro-sized turbine packages, internal combustion engine generators, and reciprocating engine generators [2] , several of these have only been developed in the last few decades.
DG is not a new concept in electric power system. Many years ago, people have installed small on-site generators apart from utility grid to either partly or work has been carried out to reduce this cost. It is believed that in a short time, these prices will fall down to a level with what customers are willing to pay for DG resources [3] . Moreover, electricity suppliers are encouraged to utilise renewable energy resources, which are available in nature and have small affect on the environment. Also, a wide range of applications and benefits obtained from DG makes this small generating unit solution more attractive [3] . DGs can be used as standby or back up generators at the places where customers cannot tolerate interruption of service. It can also be used for peak shaving for economic reason. Another application of DG is to combine heat and power where the released heat from energy transformation procedure may be utilised, and thus increases system efficiency. Benefits from DG may be understood in the means of technical, environmental and economical issues as it improves network performances by supporting system voltage and reduce system losses, produces "green power", and avoids transmission and distribution upgrading cost.
In Tasmania However, in conventional distribution systems, which are mostly radial systems, it is a common problem when bus voltage drops below the limit, especially at the remote end of the feeders or laterals; or for heavily loaded buses. This voltage drop is unavoidable, but can be minimised when DG is operated in a proper manner. By considering the effects of active (P) and reactive (Q) power injection of DG for system voltage improvement, DG' s power factor can be determined to give the best feeder voltage support.
A two-bus power system with a DG is shown in Fig. 1 , where E is the source voltage and V is the load voltage and DG is connected to the load bus. (1) Eq.(l) can be rearrange as,
Since voltage has only positive value, appropriate solution of this equation is
To examine the effectiveness of active and reactive power of generation on voltage profile, derivatives of voltage with respect to P and Q, respectively, are considered. (6) This sensitivity ratio can be effectively used to determine the operating point of DG to maximise feeder voltage support in distribution system. Since voltage sensitivity ratio, av av aP aQ is also the ratio of active and reactive power of DG at steadystate. PDG and QDG can be determined from the ratio of active and reactive injection and DG size.
III. DG PLACEMENT FOR MAXIMUM VOLTAGE
SUPPORT Placement of DG is of great concern in DG operation in order to support effectively system voltage. Works carried out in [6] and [7] have proved that proper location of DG can reduce system losses and increase system performance. Also, location of DG is important in maximizing voltage support, which will be explored in this section. DG at different locations will give different levels of voltage improvement. The objective is to determine the location where DG should be installed to give maximum voltage support with effective power injection of DG. A. Thevenin equivalent at DG bus By using Thevenin' s theorem, any network can be represented at a point by a series combination of an ideal voltage source VEq and an equivalent impedance ZEq as shown in Fig.3 
Similarly, X(PL-PG)+R(QL -QG) = VE sinS (13) where 6 is the angle between E and V. Substituting Eq. (12) where E is the Thevenin voltage and can be calculated by using the method discussed in Part A and V, which is the voltage at DG bus, is calculated by using Eq.(3).
When the value of the index gets closer 1.0, there is a high probability that the voltage of bus under consideration is critical. In other words, it is approaching instability or voltage collapse condition. DG location is obtained by examining the location index for each bus in the system. The bus with highest value of LSDG is chosen to place a DG for maximum voltage support. The search can be limited by considering the part of the system (main feeder or a lateral) where the voltage condition is worse.
IV. SIMULATION RESULTS
The developed method is implemented with Matlab 7.0 and tested on 16-bus, 32-bus and 69-bus radial test systems. Load flow results are obtained using Newton-Raphson method. For each system, the sensitivity ratio has been determined to operate a DG at the line of maximum voltage sensitivity. Then, the placement of DG is determined using the proposed technique to obtain maximum improvement of feeder voltage by the DG. Next, the size of DG is determined by applying the condition that voltage at DG connection point should be 1.0 p.u if DG is operated. It has been revealed through simulation studies that highly inductive system requires higher proportion of reactive power injection, whereas, highly resistive system requires higher proportion of active power injection by DG to achieve better performance on voltage support. A. 16-bus radial system The 16-bus system [10] shown in Fig.4 is tested with the loads given in Table 1 . The radial system has 3 separate feeders and all are independently controlling the voltage. Substation voltage is 12.65 kV and total loads are 28.125 MW and 13.530 MVArs. System is highly inductive, as line reactance is higher than the line resistance.
The voltage profile of system, in case of no DG installation is shown in Fig.6 . We can see that voltage violation occurs in feeder 2, which means that voltage correction action should be taken place.
With the loads given in Table 1 , the values of LSDG are calculated and represented graphically in Fig.5 . According to the location index shown in this figure, we can see that the index has the highest value at bus 11. Also, the voltage profile of system without DG shown in Fig.6 Performance of the location index is verified by comparing the voltage profile of the system with and without DG (Fig.6) Voltage condition is worse at lateral 3 and also on the main feeder. The value of location index is computed for all buses of the system and graphically represented in Fig.8 Voltage profile of system with these DG parameters is shown in Fig.12 , at which the condition of 1.0 p.u at DG connection is maintained. Bus 13 is selected to place a second DG since it effectively improves the voltage profile the most. A second DG 0.751 MVA, which is 17.2% of total load, is connected to the system. The installation of second DG at bus 13 has improved the voltage at all buses in the system as shown in Fig. 11 
